The ground state energy and the extend of the wavefunction of a negatively charged donor (D − ) located near a semiconductor-metal or a semiconductor-dielectric interface is obtained. We apply the effective mass approximation and use a variational two-electron wavefunction that takes into account the influence of all image charges that arise due to the presence of the interface, as well as the correlation between the two electrons bound to the donor. For a semiconductor-metal interface, the D − binding energy is enhanced for donor positions d > 1.5a B (a B is the effective Bohr radius) due to the additional attraction of the electrons with their images. When the donor approaches the interface (i.e. d < 1.5a B ) the D − binding energy drops and eventually it becomes unbound. For a semiconductor-dielectric (or a semiconductor-vacuum) interface the D − binding energy is reduced for any donor position as compared to the bulk case and the system becomes rapidly unbound when the donor approaches the interface.
I. INTRODUCTION
measured and found to be substantially increased [15] . In a recent transport experiment on a nanowire surrounded by a metallic gate it was suggested [16] that signatures of the D − state were observed. Due to the closeness of the metallic gate to the donor it was argued that the metallic gate screens the repulsive e-e interaction which should lead to a larger binding energy. Here we will show that this expectation is only correct if the donor is not too close to the interface. For very close proximity of the donor to the interface the D − binding energy drops and can even become negative, i.e. unbound D − system. A second motivation for the present study is that the D − system can serve as an entangled pair of electrons which currently is of great interest for quantum information applications [17] . The quantum control of a D 0 near a semiconductor-dielectric interface and its possible application for quantum computing has been discussed in Ref [18] .
In this paper we study the spin-singlet state of a D − system near a semiconductor-metal (and semiconductor-dielectric) interface within the effective mass approach. As compared to the 3D situation the present problem differs in the following two aspects: 1) the manyparticle wavefunction is zero at the interface, and 2) due to the dielectric mismatch at the interface image charges are induced that results in a complicated multi-center Coulomb problem. For the ground state trial function we used a Chandrasekhar type space symmetric wave function which we modified in order to satisfy the boundary condition on the semiconductor-insulator interface, and to take into account the contribution of the Coulomb interaction with the image charges in the system. To describe the interaction of the electrons with the images in the insulator or in the metallic gate, we add additional terms to the Chandrasekhar trial function [1] . For the case of a single electron bound to a donor near a metallic or dielectric interface, i.e. the D 0 problem, similar terms were introduced recently our results are presented in Sec. IV.
II. THE FORMALISM AND THE VARIATIONAL WAVE FUNCTION
The Hamiltonian of the D − system, consisting of a donor at a position r d = (0, 0, d) near a semiconductor-metal (semiconductor-dielectric) interface and two electrons is, in cylindrical coordinates, given by the expression
where
is the Hamiltonian of a neutral D 0 center near an interface, with
the Coulomb interaction terms and where dimensionless units of the effective Bohr radius a B =h 2 ε 1 m ⊥ e 2 and twice the effective Rydberg energy 2R * =h 2 m ⊥ a 2 B were used and σ = m ⊥ /m || is the ratio between the transverse and longitudinal effective mass (in our numerical calculations we assume σ = 1).
The first term in U 0 ( r i ) describes the interaction between an electron and its image, the second arises due to the attractive interaction between an electron and the donor, and the third term is due to the interaction between an electron and the donor image (as well as the donor and the electron image). See Fig. 1 for a schematic representation of the different Coulomb terms in case of a semiconductor-metal interface for which Q = −1 (i.e. ε O → ∞).
In Eq. (3) the image charge is given by Q = (ε S −ε O )/(ε S +ε O ) with ε S (ε O ) the permittivity of the semiconductor (dielectric). For the case of a semiconductor-metal interface we assume a very thin oxide layer between the semiconductor and the metal and its only effect is to prevent the electron to penetrate into the metal, i.e. it provides a very high potential barrier.
The two-electron Coulomb potential has the following form
with U ee ( r 1 , r 2 ) = 1
where U ee describes the electron-electron interaction and U ei is the interaction between an electron and the image of the other electron.
The potential energy for the D 0 electron along the z-direction for ρ = 0 is shown by the dashed curve in Fig. 2(a) for the semiconductor-metal interface and in Fig. 2(b) for the semiconductor-dielectric interface. The electron is subject to a −e/| r − r d | Coulomb potential near the donor and the potential due to the image charges. When an electron is bound to the positive donor the system becomes neutral and this electron will screen the donor Coulomb potential for a second electron. The mean-field potential seen by the second electron is given by
where and it is immediately clear that the second electron will feel a strongly screened donor potential. The 1/r Coulomb potential is replaced [8] by the screened potential (1 + r)e −2r /r.
As a result the second electron can at most only be very weakly bound. Solving this meanfield problem for the second electron will strongly underestimate the D − binding energy because it neglects: i) exchange, and ii) electron-electron correlation. The latter will lead to a polarization of the neutral D 0 system.
In order to account for exchange and correlation we introduce a Chandrasekhar type space symmetric wave function (because we consider the spin single state, i.e. ψ( r 1 , r 2 ) = ψ( r 2 , r 1 )) which also takes into account the interaction with the image charges in the system, and satisfies the boundary condition at the interface:
with r i = ρ 2 i + (z i − d) 2 the distance between the electron and the donor, r 12 = ρ
is the distance between the two electrons and N is a normalization constant. In our previous work [19] on the neutral donor problem we found that introducing an asymmetry in r i , i.e. r i = ρ describes the electron-electron correlation. We introduced the combination of exponential factors f (z i ) = exp(−β i p(z i )) that describes the overall interaction of each electron with its image, as well as with the images of the donor and the other electron. Similar functions for the electron-electron repulsive interaction (but with α = 0) were used previously for the D − system in quantum wells [10] and for the two-electron parabolic quantum dot [20] .
For a neutral electron-donor D 0 problem near an interface [19] we took α = 0 and thus p(z) = z which resulted in very good agreement between the results of the variational method and a numerical 'exact' finite-element solution. Although the energy was found to be accurate it is clear that the bulk wavefunction is not recovered for d → ∞, which should be spherical symmetric around the donor. This is the reason why we introduced p(z i ) = z i /(1 + αz i ) which for z → ∞ approaches the constant value 1/α and makes the wavefunction spherical symmetric. In Table I we compare the obtained variational energy for the D − using p(z i ) = z i and p(z i ) = z i /(1 + αz i ); we see that the latter gives lower energy for all d-values. Thus this extra variational parameter has only a small influence on the energy (we checked that the same conclusion holds for the D 0 problem). But we found Due to the presence of the interface the e-e correlation term is not necessarily circular symmetric. In order to check the influence of this asymmetry on the energy we introduced an additional variational parameter δ z in the e-e correlation part of Eq. (7),
The ground state energy of the D − near a semiconductor-metal interface calculated by using ϕ D in the wavefunction Eq. (7) is presented in the last column of Table I . Notice that allowing the e-e correlation to be anisotropic does not have a significant influence on the energy, the differences between the energy calculated with or without δ z are very small (less than 0.02%). Therefore, in the following we did not include δ z in our calculations.
The D − binding energy is defined as follows:
where E D 0 is the ground state energy of the D 0 system [19] . Eq. (10) gives the energy that is needed to remove one of the electrons from the donor to infinity. This definition corresponds to the one used for a 3D D − system. For a metallic interface, another definition of the binding energy can be used:
where E f /2R * = −0.0312 is the binding energy of an electron with its image near a metallic interface [19, 21] . This is the energy needed to remove one electron from the D − and bring it to the interface.
The expectation values for the position of electron i in the z-direction and in the ρ plane are calculated as ρ i = ρ i χ 2 12 dr and
12 dr, respectively, using only the first part in the total trial function, i.e. r 2 ). This allows us to discriminate between the two electrons, one is closely bound to the positive impurity while the other one is very weakly bound. Notice that thanks to our variational wavefunction we are able to separate 'artificially' the two electrons. But the variational wavefunction itself considers the two electrons to be indistinguishable because ψ( r 1 , r 2 ) = ψ( r 2 , r 1 ).
III. THE GROUND STATE ENERGY OF THE D − CENTER

A. Semiconductor-metal interface
The ground state energy, in units of 2R * , is shown in Fig. 3 is also illustrated in Fig. 6 where we show the contour plots of the electron density of the outer and inner electron, i.e.
2 with r 1 , ρ 1 and (θ 1 −θ 2 ) taken as their average value, for d/a B = 2, 5, 9. Notice that the electron distribution is asymmetric when the donor is close to the interface and that in such a case a large part of the distribution is found with z > d. In order to illustrate the effect of the electron-electron correlation we show in Fig. 7 the conditional probability P ( r, r 0 ) = |ψ( r, r 0 )| 2 . This is the probability to find an electron at position r when the other electron is fixed at position r 0 . We fix one of the electrons close to the donor (i.e. it is the inner electron) and put it in three different positions with respect to the interface-donor axis. Notice that the electron: 1) has the highest probability to be close to the donor, 2) it is repelled by the fixed electron, and 3) it has a non-zero probability to be located at r 0 . The reason is that the two electrons have opposite spin and therefore the Pauli exclusion principle is not applicable.
B. Semiconductor-dielectric interface
In this subsection we investigate the ground state energy of a D − center near a semiconductor-dielectric interface. We used material constants for the semiconductor side corresponding to ε S = 11.9 (Si) and for the oxide side ε O = 3.4 (SiO 2 ).
The potential energy between the particles is still given by Eq. (1) 
IV. CONCLUSION
We proposed a variational approach to investigate the energetics and the wave function extend of the spin singlet ground state of the D − system that is located near a semiconductormetal or a semiconductor-dielectric (vacuum) interface. As a trial function we used a mod- 
